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Abstract
Four categories of events have been identified in the EDELWEISS-I dark matter experiment using germanium cryogenic
detectors measuring simultaneously charge and heat signals. These categories of events are interpreted as electron and nuclear
interactions occurring in the volume of the detector, and electron and nuclear interactions occurring close to the surface of the
detectors (within ≈10-20 µm of the surface). We discuss the hypothesis that low energy surface nuclear recoils, which seem to
have been unnoticed by previous WIMP searches, may provide an interpretation of the anomalous events recorded by the
UKDMC and Saclay NaI experiments. The present analysis points to the necessity of taking into account surface nuclear and
electron recoil interactions for a reliable estimate of background rejection factors.
Introduction
The quest for non baryonic Dark Matter under the form of Weakly Interacting Massive Particles (WIMPs) faces
the challenge of extremely low interaction rates (< 1 evt/kg/day) for realistic SUSY models. For kinematical
reasons, WIMP interactions at detectable energies (> 1 keV) are expected to occur primarily with nuclei of the
target material, by opposition to the radioactive background, which involves mainly electron recoils. Detectors with
extremely low radioactive background [1] and/or detectors with highly efficient discrimination against electron
recoils are then required for this search. Various experimental methods have been proposed, and in some occasions
implemented in large-scale experiments, to distinguish between nuclear and electron recoils [2-8]. In particular,
NaI-based experiments [3-5] use the property of faster scintillation decay times for nuclear recoils compared to
electron recoils to discriminate between electron and nuclear recoils. On the other hand, cryogenic experiments
have used the simultaneous measurement of heat and charge [6-10], or of light and heat signals [11, 12] to
efficiently reject the gamma and electron radioactive background.
In the following, the data recorded by the EDELWEISS experiment in its prototype germanium detectors are used
to evidence four categories of events, instead of the two initially expected populations of electron and nuclear
recoils.
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The EDELWEISS experiment
EDELWEISS is a Dark Matter WIMP direct detection experiment set in the Fréjus underground laboratory,
adjacent to a highway tunnel connecting France and Italy. The experimental setup of the EDELWEISS-I
experiment has been described elsewhere [13]. In initial data takings, data have been accumulated using a 70 g (48
mm diameter, 8 mm thick) high purity Ge ionization-heat detector [14] without its Roman lead shielding and
without radon removal. Most of these data have been recorded under charge collection voltages of 2 volts or 6 volts
[10, 14]. The heat and ionization channels exhibit energy resolutions of ≈1 and ≈1.2 keV FWHM at 122 keV (57Co
γ-source), respectively. In the following, these data have been used to characterize the different event categories
recorded by the ionization-heat detectors.
Nuclear recoil and electron recoil calibrations
The experimental response of our germanium detectors to electron and nuclear recoils has been measured using
radioactive sources. Electron recoils have been calibrated using radioactive 60Co and 57Co sources. The 60Co source,
with its two 1.173 and 1.333 MeV gamma-ray lines, provides a rather uniform exposure of the 70 g germanium
detectors. The scatter diagram of the charge and heat signal amplitudes recorded during one of these calibration
runs under a charge collection bias of 6 Volts is shown in Fig. 1 and provides a reference for volume electron
interactions. Calibrations using a 57Co source (gamma-ray energies of 122 and 136 keV) have also been realized,
and fluorescence X-ray lines produced, e.g., by the archeological lead present in some calibration runs and close to
the detector. These runs have been used to test the linearity of the detector response. The scatter diagram
corresponding to the charge-phonon calibration of a 70 g germanium detector under a charge collection bias of 6
Volts using such a 57Co γ-ray source is shown in Fig. 2. Using these data, the charge-phonon response of the
detector in this energy range has been found to be linear to a precision better than 1 keV over the [0, 136 keV]
energy interval. In Fig. 2, it can be seen that a few percent of the interactions lead to off-axis charge-phonon ratios.
The response of our detectors to nuclear recoils has been measured using a 252Cf neutron source. The associated
gamma radiation emitted by the source has been strongly reduced by the use of a lead shield and most interactions
are due to neutron induced nuclear recoil interactions. Due to the interaction length of neutrons in germanium in
the MeV range (of the order of 10 cm at these energies), a significant fraction of the interactions (typically 25%)
are expected to result from multiple scattering interactions of the neutron inside the detector. The scatter diagram of
the charge and heat signal amplitudes recorded during the neutron calibration runs, under the same charge
collection bias of 6 Volts, is shown in Fig. 3. It can be seen that a clear separation between electron and nuclear
recoil events can be realized on an event by event basis down to an energy of ≈4 keV electron-equivalent (e.e.). A
detailed study of the rejection factors achieved with these prototype detectors will be found elsewhere [15].
Recoil energy determination
In Figs. 1-3, the charge and phonon amplitudes have been plotted for each interaction. However, the phonon
amplitude is not directly proportional to the recoil energy since it includes a contribution from the Joule heating
resulting from the charge drift towards the electrodes, the so-called Luke-Neganov effect [16]. The recoil energy
Erec has to be derived from the charge and phonon amplitudes Ech and Eph using the formula [16, 17]:
Erec = Eph 1 +
eV
εγ
 
  
 
  − Ech
eV
εγ
,
where V is the bias voltage for charge collection, e is the elementary charge and εγ is the average energy required
to produce an electron-hole pair (in eV) for an electron recoil. The Luke-Neganov effect can be determined
experimentally by considering events of a given energy with incomplete charge collection. Such events can be
observed on Fig. 2, where the Pb fluorescence line doublet at an energy of 72.80 and 74.97 keV is seen to present a
charge leakage band leading to a charge amplitude dependence for the phonon channel. This phonon amplitude
which reads [17]
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Eph =
eV
eV + εγ
E
ch +
εγ
eV + εγ
E0
can then be extrapolated to zero charge in order to recover the recoil energy. Under a bias voltage of 6 volts, it is
then found experimentally that ≈68 % of the phonon amplitude of an electron recoil is due to the Luke effect
induced by the charge drift. This value is consistent with the standard value of εγ ≈ 3 eV for 77K germanium
detectors [18].
Electron surface interactions and volume nuclear recoils
Initial runs, for a total exposure of 1.17 kg × day, of our first 70 g Ge detector [10] have evidenced a population
of events intermediate between the electron recoil and the nuclear recoil calibration lines (Fig. 4). This population
is attributed to incomplete charge collection of surface events: approximately 50 % of the charge initially produced
in an interaction close to the surface is lost since charge carriers diffusing against the electric force towards the
nearest electrode are captured by this electrode and cannot contribute to the electrical signal (see also [19]). It can
be seen in Fig. 4 that the number of surface electron recoil events is comparable at low energies to that of volume
electron recoil events. These events may be associated with a small tritium contamination resulting in low energy
beta decay electrons or with soft X-rays emitted by the fluorescence of surrounding materials (copper and
germanium, e.g.).
In the region of the charge-phonon scatter diagram where nuclear recoils are expected (the precise definition of
this region will be discussed in Ref. 15), approximately 20-30 events are observed. These events are not sufficiently
separated from the population of electron surface events to be attributed with certainty to nuclear recoil events. On
the other hand, the flux and energy spectrum of fast neutron induced nuclear recoils, originating for the major part
from radioactivity in the surrounding rock, have been measured in the Fréjus underground laboratory using
conventional scintillation detectors. The fast neutron flux was found to be 4.0 ± 0.2 10-6 cm-2 s-1 [20]. The measured
flux and energy spectrum of neutrons have been used in a Monte-Carlo simulation to predict the expected number
of neutron-induced nuclear recoils in our 70 g Ge detectors. In the absence of paraffin shielding against neutrons,
the expected number of interactions above 20 keV recoil energy is 30 ± 2 events (statistical error only) for the 1.17
kg × day data set. Taking into account the limited reliability of neutron simulations, it appears that a large fraction,
and possibly all the events observed in the nuclear recoil region can be attributed to neutron interactions inside the
detector.
Surface nuclear recoils
In Fig. 4, an initially unexpected category of events can be observed at recoil energies of the order of 80-100 keV
and at low charge yield (≈10% of that expected for an electron recoil of the same energy). This group of events is
attributed to surface nuclear interactions.
In germanium detectors, for which the material is usually extremely radiopure, most of the surface nuclear
interactions are expected to be due to alpha contaminants adsorbed on the surface of the detector. When the alpha
particle is detected, its energy of a few MeV makes it impossible to be confused with a low energy WIMP
interaction. On the other hand, when an unstable heavy nucleus decays through an alpha disintegration at the
surface of the detector, the alpha particle may leave the detector unscathed and, in this case, the energy detected is
due to the recoil of the remaining part of the heavy nucleus. Therefore, in typically 50% of the alpha decays, e.g. in
the polonium α disintegration:
210Po → 206Pb + α
the heavy nucleus fragment 206Pb recoils with an energy of the order of Å5 MeV × 4/216 Å100 keV, by momentum
conservation in the alpha disintegration.
In conventional germanium detectors, most of these events are not observed due to the passivation of the detector
surface. In a cryogenic detector, however, such a surface passivation over a thickness of several hundreds of
microns is hardly possible due to the large additional heat capacity. Surface nuclear interactions are rather easily
detected in the phonon channel since their energy lies in the 100 keV range. On the other hand, the charge
amplitude of these events is usually much lower: the quenching factor, defined by reference to an electron recoil, of
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the heavy recoiling nucleus is ²0.25 [21] for volume interactions, and a surface nuclear interaction results, similarly
to surface electron interactions, in a ≈50% further loss in the collected charge. These surface nuclear events have
also been studied by the IAS group [22] and by the Milano group [23] in the context of measurements of the
quenching factor of nuclear recoil events in crystal bolometers without charge measurement.
The electron and nuclear surface events represent a potential threat to the nuclear vs. electron recoil
discrimination technique since badly collected or reconstructed surface events may mimic a nuclear recoil event.
Therefore, in addition to the passive shielding used in the EDELWEISS experiment, several approaches are being
tested to reject or reduce the number of such surface interactions. In particular, preliminary experiments have
shown that the interaction point can be partially localized by using the pulse shape of the phonon signal and the
relative amplitudes in separate thin film sensors [24]. In addition, a pulse shape discrimination technique using the
time structure of the charge signal has also been used to localize the interaction [25].
Nuclear surface events and anomalous events reported by the UKDMC and Saclay
experiments
At present, taken at face value, the experiment reporting the best sensitivity for WIMP detection is the DAMA
experiment [3] which claims evidence for an annual modulation in its data under the assumption of a spin-
independent interaction. Assuming a spin-dependent WIMP-nucleon interaction, the DAMA experiment reports
strong reduction of the background rate using a pulse shape discrimination (PSD) analysis. However, for a WIMP
mass in the 100 GeV range, most WIMP interactions are expected to occur at visible energies between a few keV
and a few tens of keV. Even with efficient light collection, the small number of photoelectrons detected in present
large size NaI crystals makes it impossible to discriminate the events individually below ≈20 keV, where most of
the WIMP interactions are expected to show up. Instead, either global light time distributions or averaged pulse
shapes are analyzed in terms of two components of electron and nuclear recoils [3-5]. It appears therefore essential
that all the existing populations of events be identified and that no unexpected populations exist which could at low
energies appear as a linear combination of nuclear and electron recoil distributions.
Over the last two years, however, two of the NaI experiments [4, 5, 26] have gradually realized that (at least) a
third unexpected category of events was present in their respective data sets. These events have been named “bump
events” by the UKDMC experiment, by reference to the decay time distribution of the scintillation light presenting
an enhancement at smaller times, and “U” (unknown) events by the Saclay group.
We suggest here that these anomalous events could be related to the low energy surface nuclear interactions
discussed above. To justify this hypothesis, we note that both electron and nuclear surface events have been found
experimentally to present scintillation decay times differing from that of volume electron and nuclear recoils. More
precisely, the UKDMC experiment has noted that surface alpha interactions of degraded energies exhibit shorter
scintillation decay times than nuclear recoils [26]. Similarly, low energy X-ray surface events have been observed
by the Saclay group to present decay times shorter than bulk gamma-ray interactions [5]. Furthermore, the rate
observed by the UKDMC and Saclay groups, of the order of 1 event/kg/day, appears to be consistent with a fraction
of their total alpha contamination (up to the trigger efficiency, the rate of these events should be roughly equal to
that of the surface alpha contamination). Finally, the energy detected in a NaI detector for a heavy recoiling nucleus
will be in the low energy range where WIMPs might be expected to contribute since the low quenching factor of
such heavy recoiling nuclei (measured, e.g. to be ≈ 0.08 for iodine [5]) will result in an energy of a few keV e.e. as
observed in a NaI detector.
The energy range of the anomalous events has been measured by the UKDMC experiment to extend to several
tens of keV [4, 26], but this can probably be explained in terms of a small fraction of the energy of the (almost)
escaping alpha particle, or also possibly by X-rays associated with the alpha emission process. It is interesting to
note that the UKDMC experiment has reported that the anomalous events appear to present a summer/winter rate
difference [27], attributed to some unknown systematic effect.
Our interpretation of the “bump events” in terms of surface nuclear recoils can be tested experimentally by using
a surface implanted alpha source such as used by the Milano group [23]. In a forthcoming test run, we plan to
measure simultaneous signals recorded by two adjacent germanium detectors to refine our analysis.
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Conclusions
The identification capabilities of our prototype detectors have allowed to identify four categories of events, instead
of the two electron and nuclear recoil populations initially expected. One of these categories, which has been
unnoticed by previous discrimination experiments, appears to be composed of surface nuclear recoils. This category
of events may provide an explanation of the anomalous “bump” or “U” events observed by the UKDMC and Saclay
WIMP experiments using NaI detectors. This interpretation can be tested experimentally in a relatively simple way.
It is then important to realize that the additional degrees of freedom represented by the surface nuclear and
electron events, which present scintillation time responses differing from that of electron and nuclear volume
interactions, must be included in any discrimination analysis of data recorded, e.g., in NaI experiments. A
reanalysis of the experiments which have not taken into account these additional degrees of freedom in their
analysis may then be necessary.
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Figure captions:
Fig. 1: Scatter diagram of the phonon amplitude vs. charge amplitude for a 70 g Ge detector exposed to a 60Co
gamma source. The bias voltage for charge collection is 6 volts.
Fig. 2: Scatter diagram of the phonon amplitude vs. charge amplitude for a 70 g Ge detector exposed to a 57Co
gamma source. The bias voltage for charge collection is 6 volts. Inset: incomplete charge collection events can be
seen on the two 72.80 and 74.97 keV fluorescence Pb lines of the surrounding shield.
Fig. 3: Scatter diagram of the phonon amplitude vs. charge amplitude for a 70 g Ge detector exposed to a 252Cf
neutron source. The bias voltage for charge collection is 6 volts.
Fig. 4: Scatter diagram of the recoil energy vs. charge amplitude for a prototype 70 g Ge detector resulting from a
1.17 kg x day background measurement. The scatter diagram exhibits four populations of events attributed to
volume electron recoils, surface electron recoils, volume nuclear recoils, surface nuclear recoils (see text).
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Fig. 1: Scatter diagram of the phonon amplitude vs. charge amplitude for a 70 g Ge detector
exposed to a 60Co gamma source. The bias voltage for charge collection is 6 volts.
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Fig. 2: Scatter diagram of the phonon amplitude vs. charge amplitude for a 70 g Ge detector
exposed to a 57Co gamma source. The bias voltage for charge collection is 6 volts. Dashed box:
incomplete charge collection events can be seen on the two 72.80 and 74.97 keV fluorescence Pb
lines of the surrounding shield.
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Fig. 3: Scatter diagram of the phonon amplitude vs. charge amplitude for a 70 g Ge detector
exposed to a 252Cf neutron source. The bias voltage for charge collection is 6 volts.
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Fig. 4: Scatter diagram of the recoil energy vs. charge amplitude for a 70 g Ge detector resulting
from a 1.17 kg x day background measurement. The scatter diagram exhibits four populations of
events attributed to volume electron recoils, surface electron recoils, volume nuclear recoils,
surface nuclear recoils (see text).
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